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Abstract 
 
When thinking of renovating the windows of old buildings, the building owner has a lot of 
decisions to make. These are to keep the window but make it more energy efficient by adding 
an extra pane or to completely change the whole window. At the same time, the joint between 
the window frame and wall makes a thermal bridge which depends on how much insulation 
has been placed in the cavities after installation. Upon the decision of keeping the window, 
the status of this joint will be unchanged. This thesis deals with finding out the best economical 
solution for a company that has rental apartments in Gävle in Sweden, Gavlegårdarna AB. To 
calculate the thermal bridges, which are weak areas of the building envelope in which they 
significantly increase the energy load of houses, a CDF program called Fluent is used to 
quantify the heat loss at the joints. Measurements have been performed to validate the CFD 
model. To simulate the energy savings in the building, the building energy simulation program 
IDA-ICE is used. Finally, Life Cycle Costing calculations are made to assess the best long term 
economical option. It is concluded that the most reasonable solution is to add an extra glass 
in the existing window, but it is not the most ecofriendly.  A more ecological solution is to add 
the extra glass and to perform enhanced insulation at the joints around the window frames 
and walls, or to replace the old window with a new low energy window – however, these are 
not profitable solutions.   
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Introduction  
 
1.1  BACKGROUND  
The European Union has agreed upon climate targets: to increase the energy efficiency by 
20%, to use at least 20% renewable energy of the total consumption and to reduce the 
greenhouse gas emissions by 20% in 2020 compared with 1990 [1]. Furthermore, according 
also to the European Commission, buildings are responsible for 40% of energy consumption 
and 36% of C02 emissions in the EU [1]. Currently, about 35% of the buildings in EU are over 
50 years old, and while new buildings need less than 5 liters of heating oil per square meter 
per year, older buildings consume about 25 liters on average. Some buildings even require up 
to 60 liters [1]. 
 
In Sweden, equaling to the Europe average, the buildings are responsible of 40% of the energy 
consumption. Furthermore, due to the cold weather, almost 60% of the energy is used for 
space heating and domestic hot water [2]. That means about 25% of the whole energy 
consumed in Sweden is used to heat buildings. Hence, the heat transfer in building sector is 
regarded as an area where there is a large possibility to reduce energy consumption. 
 
One of the most important heat losses of the building heat transfer are in the windows thus, 
in the last years, many studies can be found about thermal and optical properties of the glass 
and their influence in thermal losses [3], [4] and [5]. But few studies are focused on the 
windows frames where these represent about 20-30% of the overall windows area. 
Furthermore, their impact on the total heat transfer on the whole window may be much larger 
than this 20-30% although this effect is even greater when the window glass incorporate very 
low conductance. [6] Therefore, it is not important have a low conductive glass in the window 
if the frame is poorly insulated. 
 
This thesis is about improving the thermal performance the windows in old buildings with the 
target to reduce the energy consumption. The thesis is suggested from a Swedish company 
called Gavlegårdarna which purpose is to rent apartments and houses in Gävle, Sweden. This 
company’s business plan states that they will work towards the goals set in the Municipality 
of Gävles’s Strategic Environmental Programme which has very high ambitions; Gävle will be 
one of the best eco-municipalities in Sweden [7]. Therefore the company is very concern to 
remodel old buildings with the purpose to make them more eco-efficient. 
 
The company currently has a problem in the district of Sörby (at Kristinaplan). They are 
planning to make some of its old buildings more efficient by improving the old windows. This 
is done by taking the movable frame and replacing the outer pane with double pane glazing 
with reflective coats to give this window a lower U-value. 
 
However, there are people in the organization who say that in many cases, the joint between 
the window and the wall is either poorly insulated, or not insulated at all. Both of these cases 
would create a thermal bridge. Thus, some of the personnel from the organization have 
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insisted that there is no use in replacing the panes if the window joint is poor; instead, they 
would rather have the whole window changed.  
 
This thesis investigates whether or not this claim holds true, if indeed it can be regarded as 
the most suitable option for the needs of the company. The company has expressed its 
concern for the solution to be economically wise in the long run. Other factors that have been 
taken into consideration are the amount of energy saved, the environmental and involved 
costs and finally, the comfort of the residents.  
 
1.2  PURPOSE  
The best solution for the company is studied throughout this thesis with four alternatives 
which are compared with each other in order to outline the strengths and weaknesses of each. 
This four altrernatives can be founded in the Figure 1. 
 
 
F IGURE 1 THE THREE OPTIONS STUDIED IN THE THESIS AND LIFE CYCLE COST (LCC)  IN TERMS OF INVESTMENT COST (IC)  AND ENERGY 
USE DURING THE REMAINING LIFE CYCLE OF THE WINDOW (LCCENERGY).  RED ARROW INDICATES HIGH COST AND GREEN LOW COST 
OPTION. 
 
The purpose of the project is to find out which Life Cycle Cost (LCC) of these three cases is the 
lowest. In the first case, for instance, the Investment Cost (IC) would be lower than the second, 
third and fourth case; however, being a poorer solution, the energy savings would be lower, 
making the energy invoice (LCCenergy) more expensive than the other cases. Therefore, the 
question is, if the extra costs in the investment can be motivated in comparison to the energy 
saving at the joint. 
 
1.3  A IM 
The aim of this study is to find out which case is the most optimal and recommended solution 
to Gavlegårdarna. It is done by also taking into consideration of the amount of energy saved, 
the environmental and involved costs. 
 
  
Adding insulation in the frame
•LCC=IC+LCCenergy
Add an extra glass of the window
Wthout changing the frame
•LCC= IC+LCCenergy
Add an extra glass of the window
Adding insulation in the frame
•LCC= IC+LCCenergy
Change the entire window
•LCC= IC+LCCenergy
↓        ↑ (↑)       (↓) ↑         ↓ (↓)      (↑) 
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THEORY 
Firstly, in this chapter, a short description of how the window frames are in Sweden built up. 
Then, the two main engineering fields which the theories are taken from to calculate the 
characteristics of the windows frame are; the heat transfer and the fluids mechanics. The basic 
theories, and later on the more specific theories, of these fields which were used to calculate 
the results, are explained in this chapter. 
 
2.1  W INDOWS JOINTS IN NORDIC COUNTRIES  
The joints between a window and a wall are described in this chapter, especially how a window 
in a Nordic country is assembled. 
 
Once the wall is build up leaving the empty place for the 
window, leveling setting blocks (usually made of wood) 
have to be screwed on the bottom of the wall hole. If the 
blocks are well leveled, the window will settle when it is 
open. The next step is to attach the frame with frame 
screws. Therefore, the window, as Figure 2 shows, creates 
an empty space between the window and the wall. [8] 
 
 
The third step, and the main of this thesis, is to insulate this empty joint. Finally, the last step 
is to cover this insulation with wood strips. In the Figure 3 are demonstrated all the steps.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The study in this thesis is about how insolated is this cavity and which consequences it has on 
thermal energy losses. To study the energy losses of this cavity, two main engineering fields 
are studied; heat transfer and fluid mechanics. 
 
 
F IGURE 3 STEPS OF HOW TO ASSEMBLE A WINDOW [35]  AND [36] 
F IGURE 2 P ICTURE OF ASSEMBLING 
WINDOW AFTER TO SCROLL IT IN THE WALL 
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2.1  HEAT TRANSFER  
To explain the heat transfer theory the literature [9], [10] and [11] have been synthetized 
taking the most important parts focusing on the thesis. 
The heat transfer is the part of engineering field where the exchange of thermal energy is 
studied. The heat transfer changes the internal energy of both systems involved according to 
the first law of thermodynamics. This law is the thermodynamic version of the law of 
conservation of energy and it says: “The change in internal energy of a system is equal to the 
heat added to the system minus the work done by the system”. In other words: 
 
∆𝑈 = 𝑄 − 𝑊   [J] 
 
 
(  1  ) 
 
The transfer heat happens normally from high temperature object to a lower temperature 
object. I.e. when a hot object is placed in a cold surrounding, it cools down because the object 
loses internal energy, while the surroundings gain internal energy. 
 
The fundamental modes of heat transfer are: 
 Conduction 
 Convection 
 Radiation 
 
 
2.1.1  CONDUCTI ON  
The heat transfer by conduction is a molecular agitation within a material without any motion 
between the objects. The mechanisms of conduction is complex, in gases the phenomena is 
due to molecular collisions, in crystals for lattice vibrations and in metals the heat flow of free 
electrons. 
 
However, the microscopic behavior is avoided in the engineering field, preferring to use 
phenomenological laws at a macroscopic level. These phenomenological laws were proposed 
by J.B. Fourier in 1822. The rule is explained through the following example: one-dimensional 
heat flow across the plane wall. In the Figure 4 shows a plane wall with its surface at x=0 
maintained at temperature T1 and the surface x=L at T2. The heat flow Q̇  through the wall is 
positive in the x direction if T1> T2 
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F IGURE 4  STEADY ONE-DIMENSIONAL CONDUCTION ACROSS A PLANE WALL,  SHOWING THE APPLICATION OF THE ENERGY 
CONSERVATION PRINCIPLE TO AN ELEMENTAL VOLUME ΔX THICK [10]. 
 
The Fourier’s law of heat conduction states that in a homogeneous substance, the local heat 
flux is proportional to the negative of the local temperature gradient. Introducing a constant 
of proportionality k, the equation is: 
 
?̇? =
?̇?
𝐴
= −𝑘
𝑑𝑇
𝑑𝑥
      [W/m²]    
 
 
 
(  2  ) 
 
Where ?̇?  is heat flow per unit area perpendicular to the flow direction [W/m2], T is local 
temperature [K or oC], x is the coordinate in the flow direction [m] and k in the thermal 
conductivity [W/mK]. This thermal conductivity depends on the material the heat is flowing. 
 
If the equation ( 2 ) is integrated and the k and the A are constant the equation ( 3 ) could be 
written as: 
 
?̇? =
𝑇1−𝑇2
𝐿/𝑘𝐴
       [W] 
 
(  3  ) 
 
2.1.2  CONVE CTI ON  
The convective heat transfer is the term used to describe the heat transfer from a surface to 
a moving fluid. This moving fluid can be forced (forced from a fan if the fluid is air or a pipe if 
it is water) or can be moved naturally, driven by buoyancy forces arising from a density 
difference (natural convection). This fluid movement is explained in the subchapter fluids 
mechanics with more detail. 
 
The rate of heat transfer by convection is a complicated function of surface geometry and 
temperature, velocity and temperature of the fluid and thermophysical properties.  
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In an external forced flow, the heat flux can be considered proportional to the difference 
between the surface temperature Ts and the free stream fluid temperature Te. The constant 
of proportionality is called the convective heat transfer and is represented as hc. In the 
equation ( 4 ) is shown this rate, also called the Newton’s law of cooling but it is a definition 
of hc rather than a physical law. 
 
𝑞 = ℎ𝑐 · ∆𝑇     [W/m
2K] 
 
 
(  4  ) 
 
Where ∆𝑇 = 𝑇𝑠 − 𝑇𝑒, q is the heat flux from the surface into the fluid [W/m
2] and hc has units 
[W/m2K]. 
For a natural convection, the situation is more complicated because depend if the flow is 
laminar (which q varies as ∆𝑇5/4 ) or if the flow is turbulent (which q varies as ∆𝑇4/3 ).  
However, as it has been said before, these cases will be explained with more detail in the next 
subchapter [10]. 
 
2.1.3  RADI ATI ON  
Practically all objects emit electromagnetic radiation. Thermal radiation is energy transfer by 
the emission of electromagnetic waves.  
Depending on whether the radiant flux is leaving or arriving in the surface the radiation can 
be divided into: 
 Irradiation, G [W/m2], is the radiant flux of energy incident of a surface 
 Radiosity, J [W/m2], is the radiant flux of energy leaving of a surface. This radiosity is 
due to emission and reflection of electromagnetic radiation 
 
Also, depending of the properties of the material surface, the irradiation (G), can be reflected 
(ρ), absorbed (α) or transmitted (τ), in the Figure 5 can be observed the heat balance of this 
parameters. And always, all of the parameters add up to one, see equation ( 5 ). 
 
𝜌 + 𝛼 + 𝜏 = 1 
 
 
(  5  ) 
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F IGURE 5 HEAT BALANCE IN A RADIATION SURFACE [9] 
 
In the reflection phenomena appears two types of reflection: 
- Specular: the angle of reflection is the same of irradiation 
- Diffuse: The reflection is distributed uniformly in all directions 
 
Furthermore, there are two important cases depending of the material: 
- If the body is opaque, τ = 0. 
- If the body is a blackbody α=1. That means that the body absorbs all the incident radiation, 
reflecting none. As a consequence, all the radiation leaving a black surface is emitted by 
the surface and is given by the Stefan-Boltzmann law showed in the equation ( 6 ). 
 
𝐽 = 𝐸𝑏 = 𝜎𝑇
4     [W/m2] 
 
 
(  6  ) 
 
Where Eb is the blackbody emissive power, T is absolute temperature [K] of the body and σ is 
the Stefan-Boltzmann constant (≈5,67·10-8 W/m2K4). [9] 
The equation for the heat flux through a black body surface which receives all the radiant heat 
from an isothermal surface (for example the sun), would be: 
 
𝑞 = 𝐽1 − 𝐺1 = 𝜎𝑇1
4 − 𝜎𝑇2
4 = 𝜎 (𝑇1
4 − 𝑇2
4) 
 
 
(  7  ) 
 
Where the sub index 1 means the blackbody and the sub index 2 the isothermal surface. 
 
However, the blackbodies do not exist, they are an ideal surface. Real surfaces absorb and 
emit less radiation than the black surfaces do. These real surfaces are widely known as grey 
surfaces, where the absorbance, α, is less than 1 and it is constant.  
 
Also, a grey surface emits less radiation than a blackbody. The fraction of the blackbody 
emitted is called emittance (ε). Furthermore, in a gray surface ε has the same valor as α,  ε=α. 
 
Therefore, in the grey surfaces, the heat flux is: 
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𝑞12 = 𝜀1𝜎 (𝑇1
4 − 𝑇2
4) 
 
 
(  8  ) 
 
The T4 dependence of radiant heat transfer make engineering calculations more complicated, 
thus when T1 and T2 are not too different, it is convenient to linearize the equation. The 
following is the equation for this: 
 
𝑞12 ≈ 𝜀1𝜎(4𝑇𝑚
3 )(𝑇1 − 𝑇2) ≈ ℎ𝑟(𝑇1 − 𝑇2) 
 
 
(  9  ) 
 
Where Tm is the mean of T1 and T2. And ℎ𝑟 = 𝜀1𝜎(4𝑇𝑚
3 ), where hr is called radiation heat 
transfer coefficient [W/m2K] 
 
Finally, another important parameter to calculate the radiation has to be taken into account: 
the shape factor. The shape factor (Fij) is the fraction of the radiation which leaves the surface 
i that reaches surface j. This factor is only dependent of the geometry and the orientation of 
the surfaces relative each other. 
 
To develop a general expression, consider two differential 
surfaces dA1 and dA2 on two oriented surfaces A1 and A2 as shown 
in the Figure 6. 
 
Where: 
L = distance between dA1 and dA2 
θ1 and θ2 = angles between the normal of the surfaces and the 
line that connects dA1 and dA2 respectively 
 
 
 
Then the differential view factor dFdA→dB rate can be written as: 
 
𝑑𝐹𝑑𝐴1→𝑑𝐴2 =
𝑄𝑑𝐴2→𝑑𝐴1̇
𝑄𝑑𝐴̇
=
𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2
𝜋𝑟2
𝑑𝐴2 
 
 
(  10 ) 
 
 
 
Therefore, the view factor FA1→A2 is determined by integrating the equation## over A1 and A2 
 
𝐹𝐴1→𝐴2 =
𝑄𝐴2→𝐴1̇
𝑄?̇?
=
1
𝑑
∫ ∫
𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2
𝜋𝑟2
𝑑𝐴1𝑑𝐴2
𝐴1𝐴2
 
 
 
(  11 ) 
 
 
 
In the engineering field there are several equations, tables and diagrams to know the view 
factor in a different geometries and orientations. In the Figure 7 and Figure 8 are shown the 
relevant view factor case in the thesis [9]. 
 
F IGURE 6  GEOMETRY OF DERIVATION FOR SHAPE 
FACTOR FORMULA [10] 
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F IGURE 7 RADIATION SHAPE FACTOR FOR RADIATION BETWEEN PARALLEL RECTANGLES [9] 
    
 
F IGURE 8 RADIATION SHAPE FACTOR FOR RADIATION BETWEEN PERPENDICULAR RECTANGLES WITH A COMMON EDGE [9] 
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2.1.4  COMBI NE D MODES OF HEA T TRANSFER .  U-VALUE 
In almost all of the heat transfer problems the combination of the conduction, convection and 
radiation are present. Naturally, the problem of this thesis has a combination of them. 
Therefore it is important to know how they interact with each other. 
An easy method to resolve the problems is to treat the thermal circuits as if they would be 
electric circuits. Then the q (heat flux) would be the I (electric current), the ΔT (difference of 
temperature) would be the ΔV (difference of voltage) and the resistance would depend on 
which kind of heat transfer is in question: 
 Conduction: 𝑅 = 𝐿/𝑘𝐴 
 Convection: 𝑅 = 1/ℎ𝑐𝐴 
 Radiation: 𝑅 = 1/ℎ𝑟𝐴 
 
In the Figure 9, an example of this method can be observed where Q̇ is heat flow [W] flowing 
through surfaces A [m2], T is temperature [K], L is material layer thickness, k is material heat 
conductivity [W/m*K] and hc depicts heat transfer coefficient [W/m2*K] on either sides of 
surfaces A.  
 
 
 
F IGURE 9 THERMAL CIRCUITS BEC AME AS AN ELECTRICITY CIRCUIT [10] 
 
As in the electrical circuit problems when the resistances are in series, the Q̇ is the same in 
every material layer at steady state conditions and the ΔT are different. On the other hand, 
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when the resistances are in parallel, the Q̇ is different and ΔT is equal in each resistance, such 
as the heat exchange at a surface, where radiation and convection heat exchange is made 
where surrounding surfaces have the same temperature as the ambient air.  
Therefore, if the Ohm law (from the electrical circuit) is treated as a thermal circuit, the heat 
flux could be calculated as: 
 
 
?̇?
𝐴
= ?̇? =
∆𝑇
𝑅𝑡𝑜𝑡
 
 
 
(  12) 
 
Where Rtot is the sum of all the resistance. If they are in series is 𝑅𝑡𝑜𝑡 = ∑ 𝑅 and if they are in 
parallel is 1 𝑅𝑡𝑜𝑡
⁄ = 1 ∑ 𝑅⁄  . However, the following equation is the most famous form to have 
been written. 
 
?̇? =
?̇?
𝐴
= 𝑈 · ∆𝑇 
 
 
(  13) 
 
Where U is called U-value and is the inverse of the sum of all the resistances (𝑈 = 1 𝑅𝑡𝑜𝑡
⁄ ).  
 
The U-value is simple and convenient to be used in engineering calculations. Typical values of 
U [W/m2K] vary over the wide range for different types of wall and convective flows. The Table 
1 shows some averages U-values of different constructions of the windows in old buildings, 
new constructions and the best option. 
 
 
 
 
 
 
 
TABLE 1  U-VALUE FOR DIFFERENT BUILDING CATEGORIES (W/M2K) [12] 
 
 
In this thesis, the U-value is important to know how efficient the window is. The lower the 
value of the U-value is, the more insulated is the window .i.e. less heat flux flows through the 
window and more efficient. 
 
Nowadays, when a window U-value is given, it usually applies to the whole window, including 
the frame. However, some glass manufactures gives only the center-of-glass U-value, usually 
denoted by Ug where index g stands for glazed part.  
 
 
 
 
Construction Old building stock New construction Best practice 
Floor slab on ground 0.31 0.17 0.09 
Roof 0.20 0.12 0.08 
External walls 0.35 0.20 0.09 
Windows/doors 2.30 1.50 0.90 
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2.1.5  THE RMAL BRIDGES .  Ψ-VALUE  
A thermal bridge can be defined as an area of some object (usually a building component in 
the envelope) which has a notable higher heat transfer than the surrounding component 
parts. Having a thermal bridge in a building reduces the energy efficiency. Therefore, it is very 
important to reduce or to minimize the thermal bridge effect in the whole building. 
Furthermore, the energy losses are not the only problem in a building due to the thermal 
brides. There could be more problems appearing, such as locally cold internal surfaces, high 
risk of condensation and the risk of becoming dirty. 
 
Then, it is important to avoid them and to know where they can appear. The thermal bridge 
can occur in different ways: 
 In the construction parts where the thermal insulation has been reduced locally. This 
is the problem which the thesis is going to focus on.  
 Structural reasons, for instance load-bearing or in the joints of the walls. 
 Anomalies (point transmittance), for instance pipes or ducts. 
 
Once seen how important the thermal bridges are, they must be taken into account when 
calculating the transmission losses through the building envelope. The transmission losses are 
dependent on the U-value and areas (explained in the previous chapter), the linear 
transmission through thermal bridges (Ψ-value) and their lengths and the point transmission 
(-value) and the indoor and outdoor temperatures. Therefore, the total heat flux lost in a 
building would be: 
 
?̇? = [∑ U𝑗 · 𝐴𝑗
𝑛
𝑗=1
+ ∑ Ψ𝑡𝑏𝑘 · 𝑙𝑡𝑏𝑘
𝑚
𝑘=1
+ ∑ 𝑡𝑏𝑙
𝑝
𝑙=1
] (𝑇𝑖 − 𝑇𝑒) 
 
 
(  14 ) 
 
Ψ-value [W/mK] is the linear thermal transmittance, this coefficient which indicates how large 
the heat loss is through the thermal bridge and -value [W/K] is the coefficient which indicates 
the heat loss in a point. 
The building studied in the thesis is located in Sweden. In this country the transmission heat 
losses increase about 20% by default if the thermal bridges are taken into account. [13] 
 
According to the SS EN ISO 10211 [14] the method used to calculate the Ψ-value, is:  
1.  To construct a reference case without the thermal bridge and calculate its heat flux (?̇?𝑟𝑒𝑓) 
2.  To calculate the total heat flow with an applicable method (?̇?𝑡𝑜𝑡), for instance with a finite 
element method.  
3.  Once the heat flows are calculate, the Ψ-value is obtained using the next equation. 
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?̇?𝑡𝑜𝑡 = ?̇?𝑟𝑒𝑓 + Ψ · 1 · ∆T        [W] 
 
 
(  15 ) 
 
 
Ψ =
?̇?𝑡𝑜𝑡−?̇?𝑟𝑒𝑓
1·∆T
     [W/m*K] 
 
 
(  16 ) 
 
 
As an example, to calculate the thermal bridge between the window and the wall the first step 
would be calculate the ?̇?𝑟𝑒𝑓 using the U-value of the window and the wall. After, the ?̇?𝑡𝑜𝑡 will 
be calculated with the finite element program, in this case including the thermal bridge at the 
joint between window and wall. At the end, the Ψ-value will be calculated using the two heat 
flux and the equation ( 16 ). 
 
2.2  FLUID MECHANICS  
To explain the theory of the fluid mechanics, the literature [9], [10] and [15] have been 
synthetized taking the most important parts focusing on the thesis. 
The fluid mechanics is the field in physics which involves the study of fluids (liquids, gases and 
plasmas) and the forces on them. It can be divided into fluid statics of fluid dynamics. In this 
chapter it will be studied the fluid dynamics and more specifically the natural convection of 
the fluid. 
In natural convection, the fluid occurs by natural means such as buoyancy. This convection is 
lower than the forced one because its associated velocity is lower, then the heat transfer 
coefficient encountered in natural convection is also low. 
 
The buoyancy forces are responsible for the fluid motion. This buoyancy forces can be defined 
as the next equation: 
 
𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 𝜌𝑓𝑙𝑢𝑖𝑑 · 𝑔 · 𝑉𝑏𝑜𝑑𝑦  [N] 
 
 
(  17) 
 
Where ρfluid is the density of the fluid, g is the gravity (9,81 m2/s) and Vbody is the volume of the 
body immersed in the fluid. Then, the net force would be: 
 
𝐹𝑛𝑒𝑡 = 𝑊 − 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = (𝜌𝑏𝑜𝑑𝑦 − 𝜌𝑓𝑙𝑢𝑖𝑑) · 𝑔 · 𝑉𝑏𝑜𝑑𝑦   [N] 
 
 
(  18) 
 
As it can be observed in the equation ( 18) the net force is proportional to the difference of 
densities. This is known as Archimedes’ principle [10]. 
 
Furthermore, density is a function of temperature because depend of the temperature, the 
volume change. If the pressure is constant, the volume expansion coefficient β is defined as: 
 
𝛽 = −
1
𝜌
· (
𝜕𝜌
𝜕𝑇
)
𝑃
      [
1
𝐾
] 
 
 
(  19) 
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𝛽 ≈ −
1
𝜌
·
Δ𝜌
Δ𝑇
→ Δ𝜌 ≈ − 𝜌𝛽Δ𝑇 
 
 
(  20) 
 
 
Since the buoyancy force is proportional to the density difference, the larger the temperature 
difference between the fluid and the body, the larger the buoyancy force will be. 
 
For an ideal gas, where Pv=RT, the volume expansion coefficient is  𝛽 =
1
𝑇𝑎𝑣𝑔
 where the T have 
to be in K and the average temperature of the air volumes. In this thesis, the fluid studied is 
air thus it can be considered ideal gas. 
 
Hence, when there is a temperature gradient in a fluid that is in contact with a surface, the 
temperature of the fluid next to the surface will change, thus also its density. With the help of 
the gravity force, when the fluid next to the heated surface is warm, the density is lower and 
the fluid moves up. On the other hand, with a cooled surface and in turn colder fluid, the 
density is higher and the fluid moves down. That effect creates the motion of the fluid.  
 
Once seen how the buoyancy forces changes with the temperature and creates the fluid 
motion, the dimensionless numbers used for calculate the free convection will be presented. 
 
2.2.1  GRASHOF NUMBE R .  GR  
 
One of the most important dimensionless numbers to analyze the velocity distribution in 
natural convection systems is called Grashof Number. This number is a ratio of buoyant forces 
to viscous forces. 
 
𝐺𝑟 =
𝑏𝑢𝑜𝑦𝑎𝑛𝑡 𝑓𝑜𝑟𝑐𝑒
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
=
𝑔∆𝜌𝑉
𝜌2
=
𝑔𝛽Δ𝑇𝑉
2
 
 
 
(  21) 
 
 
Also, the Grashof Number can be expressed as: 
 
𝐺𝑟 =
𝑔𝛽Δ𝑇𝛿3
2
 
 
 
(  22) 
 
 
Where: 
g = gravitational acceleration, m2/s 
β = coefficient of volume expansion, 1/K 
δ = characteristic length of geometry, m 
ν = kinematics viscosity of the fluid, m2/s  
 
The flow regime in natural convection is governed by the Grashof number. When Gr is higher 
than 109 the flow is turbulent and lower is laminar. [10] 
 
 
2.2.2  PRANDTL NUMBER .  PR  
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This dimensionless number is the rate between the momentum diffusivity (kinematic 
viscosity) and the thermal diffusivity. 
 
𝑃𝑟 =
𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑑𝑖𝑓𝑢𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝛼
=
𝜇𝐶𝑝
k
 
 
 
(  23) 
 
Where: 
ν = momentum diffusivity, m2/s 
α = Thermal diffusivity, m2/s 
µ = dynamic viscosity, kg/m s 
Cp = Specific heat capacity, J/kg K 
K = thermal conductivity, W/m 
 
The Prandtl Number only depends of the fluid properties and it is used in heat transfer and 
free and forced convection calculations. In this thesis the studied fluid is air thus the Pr is 
between 0,7 and 0,8 depending of the temperature of the fluid. But can be considered 0,7 for 
ambient temperatures. [16] 
 
2.2.3  RAYLE I GH NUMBE R .  RA  
Rayleigh number dimensionless number is associated of the heat transfer in the interior of the 
fluid. This number is a combination of the two above numbers. 
 
𝑅𝑎 = 𝐺𝑟 · 𝑃𝑟 =
𝑔𝛽Δ𝑇𝛿3
2
𝑃𝑟 
 
 
(  24) 
 
When the Rayleigh number is below the critical value for the fluid, heat transfer is primarily 
conduction. On the other hand, when it exceeds the critical value, heat transfer is primarily 
convection. [10] 
 
2.2.4  NUSSELT NUMBE R .  NU 
The Nusselt number is the ratio of convective to conductive heat transfer across the boundary. 
If the value of Nu is 1 means that there is no convection i.e. there is no motion thus all the 
heat is transmitted only for conduction. On the other hand, if it is higher than 1 means that 
the fluid is moving and creating convection. The higher the number is, more motion the fluid 
has. [9] 
 
𝑁𝑢 =
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟
=
ℎ𝐿
𝑘
=
𝑘𝑒
𝑘
= 𝐶 · 𝑅𝑎𝑛 = 𝐶(𝐺𝑟𝑃𝑟)𝑛 
 
 
(  25) 
 
 
Where: 
h = convective heat transfer coefficient, W/m2 K 
L =characteristic length, m 
k = thermal conductivity, W/m k 
ke= effective or apparent thermal conductivity 
All the properties are evaluated in the film temperature; this temperature is the average 
between the surface temperature and the fluid temperature. 𝑇𝑓 = (𝑇𝑠 + 𝑇∞)/2 
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C and n are called correlation. They are constant and depend on the 
geometry of the surface and the flow. C is usually lower than 1 and 
n is 1/4 for laminar flows and 1/3 for turbulent ones. There is a lot of 
studies [17], [18] and [19] about correlations in different geometries 
and fluids.  
 
However, in the Table 2 is only shown the correlations for enclosed 
geometry because in this thesis the natural convection is inside in an 
enclosed space where heat is transferred between two surfaces 
separated by air. To understand the table, the system considered is 
shown in the Figure 10 and the general equation for the Nusselt 
number in enclosures can be written as: 
 
𝑁𝑢 = 𝐶 · (𝐺𝑟 · 𝑃𝑟)𝑛 (
𝐿
𝛿
)
𝑚
 
 
 
(  26) 
 
 
TABLE 2  EMPIRICAL RELATIONS FOR FREE CONVECTION IN ENCLOSURES  [9]  PAGE 350 
 
 
 
Once the Nu number is calculated and h solved from equation ( 27), the free convection heat 
transfer can be calculated with the next equation 
  
 
ℎ =
𝑁𝑢 · 𝑘
𝐿
 
 
 
(  27) 
 
 
 
 
F IGURE 10 NOMENCLATURE FOR 
FREE CONVECTION IN ENCLOSED 
VERTICAL SPACES [9] 
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Method 
 
This chapter explains the method used to calculate the thermal bridge between the window 
and the wall and after the life costs cycle of each case explained in the introduction of the 
thesis. Summarizing, to have an overall idea, the method realized is explained in the next 
steps: 
 
- To use a finite element program to determine the characteristics of extra heat loss at joint 
of construction and then calculate the Ψ-value for the thermal bridge. The cavity is 
modeled as being empty, half full with insulation or completely filled with insulation. 
- To verify the program model by measurements. 
- To use the program results to enter in building simulation program IDA-ICE to investigate 
the extra energy losses created by the various thermal bridges in combination with 
different window renovation strategies (no renovation, adding an extra pane or changing 
the entire window). 
- To Make a LCC calculation of each case to know the most economical solution using the 
IDA-ICE results. 
 
Due to difficulties to enter and measure in the studied house, calculations on the thermal 
bridge and measurements have been based on a window of the laboratory of the University 
of Gävle. This window is between a cold chamber and a heated room thus the surrounding 
temperatures can be controlled in measurements.  
 
3.1 THERMAL BRIDGES 
As it is explained in the theory chapter, according to ISO 10211 [14], to calculate the Ψ-value 
of the thermal bridge can be divided in three steps: 
1.  Reference heat flux (?̇?𝑟𝑒𝑓) 
2.  Total heat flow flux (?̇?𝑡𝑜𝑡)  
3. Calculate Ψ-value 
 
To calculate the two heat fluxes of the first steps, a CFD (computational fluid dynamics) 
program called Fluent is used, which is a commercial general-purpose CFD package supplied 
by ANSYS Inc.  
 
Furthermore, to validate the CFD results, the temperatures of the frame have been measured 
with thermostats and a thermographic camera. In the next chapters there is more information 
about these measurements techniques and its applications. 
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3.1.1  S I MULATI ONS  
 
The simulations, as it is said before, will be made by Fluent 15.0. Therefore, this subchapter 
will be divided according to the steps followed when using this program. The different steps 
are: 
 
1. Identify the thermal bridge and set the geometry for the studied component  
2. Studied cases – reference case and cases with various grades of insulation in the cavity 
3. Mesh used in the cases 
4. General options – steady or dynamic state 
5. Applications -Energy, viscous and radiation 
6. Materials – heat conductivity 
7. Boundary conditions – environment temperatures and heat transfer coefficients 
8. Solution – criteria for when a solution is found 
 
 
Geometry 
 
The first step for the simulations was measure the dimensions of the window from the 
laboratory. In the Figure 11 can be observed a drawing of the studied plane of the window. 
 
 
F IGURE 11 DRAWING OF THE STUDIED PLANE 
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Studied cases 
 
The first simulation, according to ISO 10211 [14], is to calculate the 
reference heat flux. To calculate it, the thermal bridge has to be 
removed; in this case is the cavity and them covers and an adiabatic 
wall have been added instead. Thus the geometry used to simulate 
would look as the Figure 12 
As it can be observed in the Figure 12, the geometry of the window is 
not simple thus the heat flux has more than one direction, which is a 
problem since it cannot be calculated as it is explained in the theory 
chapter. To solve the problem, this heat flux has been calculated 
through the CFD program Fluent. 
 
Due to the inability to access in the apartments,  it cannot be known how insulated is currently 
the cavity in Gavlegårdarna buildings, there is three interesting types of Ψ-value to be 
calculated and compared between each other; when the cavity is completely full of insulation, 
half insulated and where the cavity is empty i.e. with air. On the Table 3 is shown the geometry 
of each studied case. 
 
TABLE 3  GEOMETRY OF EACH STUDIED CASE 
   
Cavity empty Cavity half insulated Cavity full insulated 
 
Furthermore, due to the motion of the fluid, the study has been divided in 
two cases; the horizontal and the vertical frame. Where the horizontal is a 2D 
study and the vertical is a 3D study. 
 
As it is explained in the theory chapter, the gravity is a fundamental 
parameter for the free convection of the fluid. The horizontal case can be a 
2D study because the studied plane has the gravity on the same plane thus 
the gravity can be take into account in the calculations. Otherwise, in the 
vertical case, the gravity would be in the perpendicular direction respect to 
the studied plane .Thus the only way to solve this problem is make a 3D 
F IGURE 12  REFERENCE HEAT 
FLUX GEOMETRY 
F IGURE 13 GRAVITY AND 
VERTICAL AND HORIZONTAL 
PLANES 
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study. In Figure 13 can be observed the different planes of vertical and horizontal frame of the 
window and the gravity direction. 
 
Consequently, to calculate the Ψ-value of the three cases it will be necessary 5 simulations;  
 
 One simulation when the cavity is full insulated. Due to there is any air at all, it is not 
necessary to make both a horizontal and vertical study. With one it is enough, using 
the assumption that there are no convective air flows in the insulation.   
 Two simulations when the cavity is half insulated; one horizontal and one vertical. 
 Two simulations when the cavity is empty; one horizontal and one vertical. 
 
The Table 4 shows a resume of the seven studied cases. 
 
TABLE 4  STUDIED THERMAL BRIDGES CASES 
Cases Study 
Reference 2D 
Full of insulation 2D 
Horizontal 
Half Insulation 2D 
Empty 2D 
Vertical 
Half Insulation 3D 
Empty 3D 
 
 
There would be two Ψ-values for each frame, one Ψ-value for the vertical and another Ψ-
value for the horizontal frame. In order to have only one Ψ-value for a window, a mean value 
for each case is used by means of a weighted mean. The length of the horizontal frame is 
880mm and the vertical one is 1470mm. Then, 62,5% of the frame is vertical and 37,5% is 
horizontal. Therefore the total Ψ-value can be calculated as: 
 
Ψ𝑡𝑜𝑡𝑎𝑙 = 0,625Ψ𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 + 0,375Ψℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 
 
 
(  28) 
 
 
Mesh 
 
One of the most important characteristics of Fluent, 
among another CFD programs, is the facility to 
make a refined mesh in the main volumes, surfaces 
or lines. In this thesis, the most important volume is 
the fluid inside of the cavity. The mesh is refined in 
the fluid and the covered walls. In Figure 14, there 
is an image of the mesh used inside of the cavity for 
the vertical empty cavity case, where the cavity 
mesh is finer than the mesh for the walls and 
frames. 
 
 
 
F IGURE 14 MESH OF THE CAVITY IN THE VERTICAL 
EMPTY CASE 
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Furthermore, different simulations were made with different accuracies to compare the 
results and check if the accuracy of the mesh makes change on the results (Figure 15). In doing 
this method, the optimal mesh can be found; and optimal mesh is the one who gives close 
results to analytical solutions and with less time. 
 
 
 
F IGURE 15 DIFFERENT KIND OF MESHES WITH LESS AND MORE ACCURACY 
 
 
 
General options 
 
In the general options of the program a steady-state or transient-state study it can be chosen. 
About the analysis of thermal bridges, most of the standards currently existing ISO 10211 [14] 
considered the thermal bridge as a construction without inertia thus with a steady-state heat 
transfer is enough for the study. However, if the thermal bridge is taken into account as 
steady-state and without thermal inertia, in the energy demand appears a time-delayed with 
respect real conditions [20]. For the analysis of the thesis is not important the delay in time 
thus a study-state is assumed. 
 
Furthermore, the gravity (9,81 m/s2) and its direction is given on the general options. The 
horizontal cases have the gravity in X direction and the vertical in Z. 
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Applications 
 
Fluent has different applications to be studied, such as 
multiphase, energy, heat exchanger, acoustic… amount 
others (Figure 16). The study of the thesis has three 
applications to take into consideration; Energy, viscous and 
radiation. 
 
To select the viscous mode, the Grashof dimensionless 
number has been used. As it is explained in subchapter 
2.2.1, the flow regime in natural convection is governed by 
the Grashof number. When Gr is higher than 109 the flow is 
turbulent and lower is laminar. Therefore, the Grashof 
number of the horizontal and vertical geometry have been 
calculated following the equation ( 22) considering the warm 
indoor temperature 20oC and the cold outdoor one -10oC. 
 
For the horizontal frame, when the cavity is empty, the Gr=5,81·107 and when is half insulated 
is Gr=7,25·106  , thus is lower than 109. Therefore, the horizontal cavities have laminar flow. 
On the other hand, for the vertical case, the empty case has a Gr= 2,18·1011 and the half 
insulated one  Gr= 2,73·1010 thus it is turbulent flow. 
 
In Fluent there are different kinds of turbulent flows, in this case is taken a k-ε RNG model 
where some references say that this is the best option [21] and [22]. Furthermore, it was 
simulated with k- ε Standard Model and the results were the same but the RNG converged 
faster. 
 
For the radiation, the option Surface to surface (S2S) was selected due to its fast convergence 
(a solution is quickly derived in the iterative calculations) and because the shape factors for 
the enclosure were easy to calculate for the program due to the simply geometry of the cavity. 
 
 
Materials 
 
Following, the materials of the simulation have been defined. The windows of the laboratory 
are made of wood, thus all the parts as the window, the frame, the covers of the cavity and 
the wall are made of wood. Furthermore, depending of the studied cases, the cavity is full of 
air, half-filled with mineral wool and full of mineral wool. 
 
The Table 5 shows the thermal and principal characteristics of both solid materials wood and 
mineral wool and the fluid of the cavity, air. This data were taken from the data base of the 
Fluent program. 
 
 
 
 
 
F IGURE 16 DIFFERENT APPLICATIO NS OF 
FLUENT 
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TABLE 5  MATERIALS PROPERTIES USED IN FLUENT SIMUL ATION 
Material Density 
Thermal 
conductivity 
Viscosity Pr 
Solid 
Wood 700 0.173 - - 
Mineral wool - 0.036 - - 
Fluid Air T dependent 0.0242 1.7894·105 0,7 
Units kg/m3 W/m·K kg/m·s - 
 
The air has been considered as an incompressible ideal gas, and then the density would change 
depending of the temperature. 
 
The frames of the window have white paint on the exterior, except for an untreated strip of 
wood that covers the cavity on the exterior side of the joint between wall and window frame. 
However, as it is said before, in the simulation is not taking into account the radiation except 
for the enclosed cavity.  
 
 
Boundary conditions 
 
The next step was defined the boundary conditions. The indoor temperature was taken as 
20oC and the outdoor -10oC, that makes a difference temperature of 30oC. The heat transfer 
coefficient considered for the simulation where 8 W/mK for the indoor surroundings and 25 
W/mK for the outdoor. Finally, the window glass and the side of the wall were considered as 
adiabatic walls. Therefore, the boundary conditions would look as the Figure 17 shows. 
 
F IGURE 17 BOUNDARY CONDITIONS  
 
Furthermore, the emissivity for the radiation in the walls of the cavity has to be added. Is considered 
that the surfaces inside of the cavity are not painted, then the emissivity can be considered as ε=0.9 
for the wood and insolation surfaces.  
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Solutions 
 
The last step was run the calculations. In this step, Fluent 
asks for how many iterations are needed to make the result 
converge. A result is considered to have converged to a 
solution when the residuals of each iteration are the same, 
or almost the same. In the Figure 18 is shown the residuals 
of the x and y direction of the air velocity and the energy of 
the horizontal full of air study case. Anyways, to be sure that 
the numerical model is solved the sum of all heat flows have 
to be zero, or close to zero at least 10-4, to fulfill steady-state 
criteria. 
 
 
In the 2D cases, the horizontal one, with even less of 200 iterations was enough to converge 
the results. On the other hand, the 3D cases needed around 2000 iterations thus Fluent took 
around 24 hours to give the solution. 
 
 
3.1.2  ME ASURE MENTS  
To validate the simulations with measurements, the temperatures of the wood cover surface 
of the cavity have been taken. There are different kinds of techniques to know the 
temperature in a surface and if only one of them is taken it is not possible to affirm if the 
measures are correct. Hence, in this thesis two techniques have been used; taking the 
temperature using thermocouples and using a thermographic camera. There is some studies 
where these techniques have been used [23]  
 
The measures have been taken in the laboratory of Högskolan i Gävle and the three cases have 
been studied; all insulated, half insulated and not insulated at all.  
 
The thermocouples are a device made of two different wires of different metals are joined at 
one end, called measuring end, this side is connected to the object studied. On the other end 
of the thermocouple, called reference end, is connected to a voltmeter. Because of the 
temperature difference between the measuring end and the reference end a voltage 
difference can be measured, called the Seeback effect. The temperature can be calculated 
with this voltage difference. [24] 
 
Depending of the material of the wires there are different types of 
thermocouples. In this thesis the T type thermocouple have been 
used (Figure 19) According to Instrument Society of America (ISA) 
and an American Standard in ANSI MC 96.1, the T type 
thermocouple is composed of Cu (where have to be connected in 
the positive pole and Nickel-45% copper, connected in the 
negative). This thermocouple can be used in range temperatures 
between -200oC and 370oC. Thermocouples used in this case have 
an error of ±0,5 C. 
F IGURE 18 RESIDUALS OF THE HOR IZONTAL 
HALF INSULATED CASE 
F IGURE 19  PICTURE OF 
THERMOCOUPLES TYPE T 
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For the experiment, ten thermocouples have been used. Eight were installed in the wood 
cover of the cavity and the other two to take the temperature of the surroundings of the worm 
and cold chamber. As it can be observed in the Figure 20, the 8 thermocouples from the wood 
cover were installed four in each side where three where in the vertical frame and one in the 
horizontal. 
 
In the vertical frame the thermocouples were installed one in the middle, one 40 cm up from 
the middle and the other 40 cm down. The horizontal one was installed in the center of the 
horizontal frame. 
    
 
 
Furthermore, as it can be observed in the previous figure, the thermocouples have two 
different tapes to be fixed. That is done to do not modify the emissivity and especially the 
short wave absorption coefficient of the wood and take erroneous results. 
 
The reference sides of the thermocouple were connected, with the copper in the positive and 
the nickel-45% copper in the negative, as it is said in the in ANSI MC96.1 standard in a data 
logger to read the temperatures in each thermocouple. The data logger used was an Agilent 
34970A. In the Figure 21 it can be observed a picture of this device. 
 
However, before making all the installation of the thermocouples, they were calibrated using 
water and another simple data logger to check if all the sensors were correctly connected and 
if they were showing the same temperature. In the Figure 21 can be observed how all the 
thermocouples were immerse in a water glass. 
 
F IGURE 20 THERMOCOUPLE CONNECTED IN THE COLD CHAMBER. IN THE LEFT IT CAN B E OBSERVED A BLACK S TICK WHERE IT WAS 
CONNECTED THE THERMOCOUPLE TO CALCULATE THE SURROUNDING TEMPERATURE. THE OTHER THERMOCOUPL ES WERE CONNECTED 
ON THE SURFACE OF THE COVER OF THE CAVITY 
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F IGURE 21 THE THERMOCOUPLES WERE CALIBRATED TO CHECK IF THEY WERE CORRECTLY CONNECTED 
 
As it can be observed in the Figure 21 the temperatures are not exactly the same, they have 
measurement error. This data logger with T-type thermocouples has an error of +/- 1.5oC [25]. 
Therefore, the measures can be considered correct. 
 
The first experiment was done when the cavity was fully insulated and once the 
thermocouples where calibrated and installed in position, the compressor of the cold chamber 
was turn on for 2 days, to cool the chamber and stabilize the heat transfer through the cavity. 
Thus after 2 days the results from the instrument were taken. Once the temperatures were 
computed, a mishap appeared since the results of the horizontal frame were very different 
than the expected because the thermocouple was in the bottom frame of the window where 
the convection of the air affected the results. To solve this mishap, the thermocouples of the 
lower horizontal frame were replaced to the top frame. After that, the cavity was emptied 
with half insulation and it was left that the temperatures were stabilized for 10 hours. After 
these 10 hours, again the data was taken from the thermocouples and the cavity was left 
completely empty for 10 hours more. 
 
Furthermore, the temperatures of the wood cover of the cavity 
were measured through a thermal image. To take this kind of 
pictures a thermographic camera has been used. This kind of 
camera takes images from infrared radiation instead of the 
visible light, as the common cameras do. Therefore, the picture 
taken with the thermographic camera shows the temperature 
of the surface. The Figure 22 shows how the image of the 
window was taken with the thermographic camera. 
 
These thermal pictures have been taken to compare the 
temperatures with the thermocouples results taking into 
account, according to the manual, the camera FLIR has an 
inaccuracy of ±2 C. 
 
 
 
 
 
 
F IGURE 22 THERMOGRAPHIC 
CAMERA TAKING A PICTURE OF THE 
WINDOW 
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3.2 ENERGY SAVI NGS  
The calculations of energy savings are made by using IDA-ICE 4.6.2 program. This program is 
used to simulate the energy use of the buildings and it is one of the most used in the Nordic 
countries. 
 
The main interest for this thesis from the IDA-ICE simulations is the heat losses through the 
windows and the thermal bridge thus the generated model of the building is quite simple, 
focusing only on the windows and thermal bridges. Therefore, the people, the heaters, the 
equipment, the light or the ventilation are not taken into consideration. In the simulation the 
building would be empty with an ideal cooler and heater which maintain the overall indoor 
temperature between the range of 21oC and 25oC [26]. 
 
There are 3 main studied alternative solutions for Gavlegårdarna but due to the lack of 
information of the interior of the cavity in the frame, six simulations are made; two 
simulations to demonstrate the present state, one simulation after adding insolation in the 
cavity, two simulations after adding an extra glass on the window and one after changing the 
whole window. 
 
TABLE 6  STUDIED ENERGY SAVINGS CASES 
Solution number Cavity between window and wall Window 
Solution 0 
Empty Old window 
Half insulated Old window 
Solution 1 Full insulated Old window 
Solution 2 
Empty Old window + Extra glass 
Half insulated Old window + Extra glass 
Solution 3 Full insulated Old window + Extra glass 
Solution 4 Full insulated New window 
 
 
First of all, it was necessary to get the data of the buildings that Gavlegårdarna wants to be 
remodeled. Therefore Gavlegårdarna sent a town plan where it can be seen how the buildings 
are situated. This plan can be found in the “Appendix C. Draws of the building”. To simplify 
the calculations, the simulations are made of one of the buildings, in this case the building 
number 2014-006. The overall energy savings can be estimated by multiplying the energy 
savings of this building and the number of buildings; taking into account the length of the 
other buildings, the total number can be considered as 14. 
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It is enough to model only one window per building 
face instead of modeled all the windows (see Figure 
23). The area of this modeled window is the same of 
the total of the windows area of each face of the 
building but the perimeter would not be the same. 
Moreover if the same Ψ-value obtained in the 
simulation with Fluent is used the results would be 
wrong. To solve this problem the Ψ-valuemodel is 
calculated using the equation ( 29), where the Ψ-
valuereal is the one obtained with the simulations by 
Fluent, the Preal is the total real window perimeter and Pmodel is the total window perimeter of 
the model. 
 
Ψ𝑚𝑜𝑑𝑒𝑙 =
𝑃𝑟𝑒𝑎𝑙
𝑃𝑚𝑜𝑑𝑒𝑙
Ψ𝑟𝑒𝑎𝑙 
 
 
(  29) 
 
 
With the U-value of the window it is not necessary to make this calculation due to the area of 
the modeled window is the same than in the reality. 
 
Once the building is selected and the model is made, the dimensions of the building are 
measured; the floor area and the height of the building and the total area and the total 
perimeter of all the windows of each side of the building. The drawings that Gavlegårdarna 
provided were used to measure this parameter. They are also attached in the “Appendix C. 
Draws of the building” and the measured dimensions of the building 2014-006 are in the Table 
7 and Table 8. 
 
TABLE 7BUILDING DIMENSIONS  
 Dimension Units 
Floor Area 315 m2 
Building height 10 m 
 
 
TABLE 8  WINDOWS DIMENSIONS DEPENDING OF THE BUIL DING FACE 
 Dimension Unit 
Face North-East 
Area 41,12 m2 
Perimeter 163,9 m 
Face South-West 
Area 46,26 m2 
Perimeter 155,12 m 
Face North-West 
Area 9 m2 
Perimeter 33,9 m 
Face South-East 
Area 9 m2 
Perimeter 33,9 m 
 
 
The next step was to define the materials of the building, the walls are made of 15mm of 
render + 250mm of lightweight concrete + 20mm of render [27] and the U-value of the 
F IGURE 23 MODEL OF BUILDING STUDIED 
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windows depend of the case, the data of the U-value of the windows came from 
Gavlegårdarna and the value per case are shown in the Table 9. 
 
TABLE 9  WINDOW CHARACTERISTICS 
Window Glass U-value [W/m2K] 
Old window 2 glasses 2,9 
Old window + extra glass 2 glasses + 1 glass 1,5 
New window 3 glasses 1,0 
 
The last parameter was about the outdoor temperatures. In IDA-ICE this parameter is 
depending on the climate where the building is located in, for this thesis is Gävle. 
 
Finally in order to run the simulation, a dynamic-state and one year simulation is selected to 
have more truthful results. 
 
3.3 COSTS  
To find out which case would be the most optimal for the company, the LCC (Life cycle cost) 
analysis was calculated using the following equation [28] 
 
𝐿𝐶𝐶 = 𝐼𝐶 + 𝐿𝐶𝐶𝐸𝑛𝑒𝑟𝑔𝑦     
 
(  30) 
 
Where the IC is the cost of the inversion and the LCCEnergy is the energy costs due to the energy 
savings of each case. 
 
Actually the costs of maintenance and the costs of the residual value should be added in this 
equation but they were not taken into account due to lack of given information. 
 
 
Investment costs (IC) 
 
Depending of which solution is taken there is different inversions. As it is said in the 
introduction, the solutions are; to add insulation in the cavity of the old windows, to add an 
extra glass of the old windows the combination of this two solutions and to change all the 
windows and frames. The real price of the second solution, to add an extra glass is given by 
Gavlegårdarna which value is 4,285 million SEK for all the buildings. The invest cost of the 
other solutions are taken from the reference [29]. 
 
Firstly, the first solution price is calculated. Taking into account that the workers cost is 192 
kr/h [29], the prices in SEK per m are shown in the Table 10. 
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TABLE 10 PRICES OF THE SOLUTION 1.  ADDING INSULATION INTO THE JOINT [29] 
Operation 
Material 
[kr/m] 
Time 
[h/m] 
Sum 
[kr/m] 
Mineral Wool 10,65 0,08 25,69 
Inside frame 48,00 0,14 74,32 
Outside frame 17,2 0,10 36,00 
 
Sum 136,01 
Overhead expenses 151,60 
Total costs 287,61 
 
 
As it is said in the energy savings chapter, the building studied has 387 m of window perimeter, 
thus multiplying this length with 14 which is the number of buildings, the total length of the 
windows perimeter can be calculated. Then, multiplying this value with the total costs, the 
investment for the first solution can be estimated. 
 
The third solution is a combination of the solution 1 and solution 2, then the price is the sum 
of both invest costs.  
 
Finally, the price of the third solution is calculated proceeding in the same way that in the first 
solution, with the total area of the windows and the total perimeter per building and the 
number of buildings, the total invest can be estimated. The data is also taken from [29]. 
 
Concluding, the estimates investment costs are shown on the Table 11. 
 
TABLE 11 INVERSION COSTS PER EACH CASE 
 Investment costs 
[Million SEK] 
Solution 1. To add insulation into the frames 1,556 
Solution 2. To add an extra glass 4,285 
Solution 3. To add an extra glass and insulation into the frames 5,841 
Solution 4. To change the whole window 9,022 
 
It is important to not forget solution 0; to leave the frames and the windows as they are now 
– involving no investment cost. 
 
Energy costs (LCCEnergy ) 
 
The whole energy used in the buildings can be taken from IDA-ICE. However, the energy 
simulated in all the building from IDA-ICE, cannot be completely true due to the lack of 
information about the equipment, people and heaters, amount others. The sure data that can 
be taken from the program are the heat losses of the windows and the thermal bridges. 
Therefore, if only this data is taken to compare the results, the energy costs would be a 
comparison between the energy losses of each case, taking as a reference the lower value. 
Hence, the total LCC are not the real costs, they are a LCC to compare which cases is cheapest. 
To calculate the cost of the energy during the life cycle of the a window, the following equation 
is used; 
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∆𝐿𝐶𝐶𝐸𝑛𝑒𝑟𝑔𝑦 = ∆𝐸𝐸𝑛𝑒𝑟𝑔𝑦 · 𝑒𝐸𝑛𝑒𝑟𝑔𝑦 ·
1 − (
1 + 𝑞
1 + 𝑖 )
𝑛
1 + 𝑖
1 + 𝑞 − 1
 
 
 
(  31) 
 
Where: 
- ∆𝐸𝐸𝑛𝑒𝑟𝑔𝑦  is the difference of the annual energy loss in the windows and thermal bridges. 
[KWh/year] 
- eEnergy Is the price of the energy in Gävle [kr/kWh] 
- q is the real annual energy price increase [%] 
- i is the discount rate [%] 
 
The building uses district heating to be heated and this energy comes from Gävle Energi AB. 
The price is 0,737 kr/kWh and the real annual energy price increase is 2,4% [30]. The real 
annual energy price is not a stable value as it changes every year, thus a sensibility analysis 
will be studied to know how the LCC would change depending of this parameter. According to 
the lasts years changes, the range would be -0,5% to 3,5% [30]. 
 
 
The current European Commission’s 2009 Impact Assessment guidelines suggests a discount 
rate excluding, the inflation, of 4%. [31] Furthermore, a sensible study with this parameter is 
made. A higher discount rate will reflect a purely commercial, short-term approach to the 
valuation of investment. On the other hand, a lower rate, typically ranging from 2% to 4% 
excluding inflation, will more closely reflect the benefits that energy efficiency investments 
bring to building occupants over the entire investment’s lifetime [31]. Therefore also a 
sensible analysis of the discount rate will be studied, the discount rate will be 2%, 4% and 8%. 
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Results  
 
Once explained the method used to calculate the thermal bridges, the energy savings and the 
costs of the different cases, the results will be presented in this chapter.  
 
 
4.1  THERMAL BRIDGE  
As explained in the previous chapter, the thermal bridge was calculated using the simulations 
and the main result taken from the simulations is the heat flux from the surface of the window 
frame. In addition, this chapter presents; the temperatures to compare with the 
measurements and to know is the simulations are similar from the reality. In the last 
subchapter the results of the thermal bridges are reveled. Furthermore, the pictures of the 
results and the graphics calculated by Fluent are in the “Appendix A. Fluent results” and 
“Appendix B. Thermographic pictures”. 
 
 
4.1.1  HE AT FLUX  
The total heat transfer of each case is shown in the Table 12. The results of the 3D cases have 
been divided with the length of the frame to have the same units of the 2D studies thus the 
heat transfer is represented in W/m. 
 
TABLE 12 HEAT TRANSFER PER THERMAL BRIDGE STUDIED CASE 
Cases 
Heat transfer rate 
[W/m] 
Reference 7,847 
Full of insulation 9,485 
Horizontal 
Air-Insulation 9,582 
Full of Air 9,874 
Vertical 
Air-Insulation 12,923 
Full of Air 13,693 
 
4.1.3  TE MPERATURES  
The temperatures of the two methods used to take the measures and the simulations are 
shown in the Table 13. The thermographic pictures and the simulations results are in the 
Appendix A and Appendix B. 
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There are ten studied points; four outside (1 to 4), four inside (5 to 8) 
and the number 9 for the indoor temperature and number 10 for the 
cold chamber. On the Figure 24 is shown a picture of the window with 
the studied points, in red the point are in the indoor side of the 
window and the blue ones in the cold chamber side.  
 
As it is said in the Method chapter, the point 4 and 8 in the full 
insulated case are in the bottom frame and in the other cases in the 
top.  
 
 
 
TABLE 13 SURFACE WOOD COVER TEMPERATURE OF MEASUREMENTS AND SIMULATIONS  
Point 
Full insulated  Half Insulated Empty 
Thermocouples 
Thermal 
camera 
Simulations Thermocouples 
Thermal 
camera 
Simulations Thermocouples 
Thermal 
camera 
Simulations 
1 -5,1 - -7,51 -5,1 - -7,13 -4,6 - -6,54 
2 -5,8 - -7,51 -5,7 - -7,32 -5,1 - -6,59 
3 -6,4 - -7,51 -6,6 - -7,35 -5,9 - -6,81 
4 -6,8 - -7,51 -4 - -7,1 -3,4 - -6,1 
5 15,7 15,6 14,47 15,6 15,9 15,78 15,1 15,7 14,05 
6 16,6 16,7 14,47 16,3 15,9 15,75 14,2 13,8 13,98 
7 15,4 15,4 14,47 14,9 15,3 15,5 13,3 13,1 13,71 
8 13,4 12,9 14,47 16,1 16,4 16,07 15,4 15,8 14,56 
9 20 20 20 20 20 20 19,3 19,3 20 
10 -10 -10 -10 -10 -10 -10 -10,6 -10,6 -10 
 
 
 
In addition, to compare the results, the data is processed to have dimensionless data, whereas higher 
is the value, warmer is the surface, the results are shown in the Table 14. 
 
TABLE 14. SURFACE WOOD COVER TEMPERATURE OF MEASUREMENTS AND SIMULATION WITH DIMENSIONLESS VALUES 
Point 
Full insulated Half Insulated Empty 
Thermocouples 
Thermal 
camera 
Simulations Thermocouples 
Thermal 
camera 
Simulations Thermocouples 
Thermal 
camera 
Simulations 
1 0,163 - 0,083 0,163 - 0,096 0,201 - 0,115 
2 0,140 - 0,083 0,143 - 0,089 0,184 - 0,114 
3 0,120 - 0,083 0,113 - 0,088 0,157 - 0,106 
4 0,107 - 0,083 0,200 - 0,097 0,241 - 0,130 
5 0,857 0,853 0,816 0,853 0,863 0,859 0,860 0,880 0,802 
6 0,887 0,890 0,816 0,877 0,863 0,858 0,829 0,816 0,799 
7 0,847 0,847 0,816 0,830 0,843 0,850 0,799 0,793 0,790 
8 0,780 0,763 0,816 0,870 0,880 0,869 0,870 0,883 0,819 
9 1 1 1 1 1 1 1 1 1 
10 0 0 0 0 0 0 0 0 0 
F IGURE 24 P ICTURE OF THE WINDOW 
WITH THE STUDIED POINTS 
1 & 5 
2 & 6 
3 & 7 
4 & 8 
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4.1.4  Ψ-VALUE  
Once the heat transfer is calculated, using the equation ( 16 ) the Ψ-value can be calculated. 
The results are in the Table 15. 
 
TABLE 15 Ψ-VALUE OF THE THERMAL BRIDGES CASE 
Cases 
Ψ-value  
[W/Km] 
Full of insulation 0,0546 
Horizontal 
Air-Insulation 0,0578 
Full of Air 0,0676 
Vertical 
Air-Insulation 0,1692 
Full of Air 0,1949 
 
 
 
In addition, to have an only Ψ-value for each case is used the equation ( 29). The results are 
shown in the Table 16. 
 
 
TABLE 16 TOTAL Ψ-VALUE 
Cases 
Ψ-value  
[W/Km] 
Full of insulation 0,0546 
Air-Insulation 0,1274 
Full of Air 0,1471 
 
 
 
4.2  ENERGY SAVI NGS  
The thermal bridge and windows heat transfer depends of climate of Gävle. In the Figure 25 
and Figure 26 can be observed the heat transfer of the windows and thermal bridges per 
month depending of the insulation of the cavity and the U-value of the windows. 
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F IGURE 25 HEAT LOSSES OF THERMAL BRIDGE DEPENDING OF THE MONTH AND THE INSULATION FOR THE BUILDING 2014-006 
 
 
 
F IGURE 26 HEAT LOSSES OF THE WINDOWS DEPENDING OF THE MONTH AND THE DIFFERENT KIND OF WINDOWS FOR THE BUILDING 
2014-006 
 
 
 
 
 
 
 
-1200
-1000
-800
-600
-400
-200
0
kW
h
/B
u
ild
in
g
Months
Thermal bridge
Empty Half insualted Full insulated
-6000
-5000
-4000
-3000
-2000
-1000
0
1000
kW
h
/B
u
ild
in
g
Months
Windows
Old Window Old window + Extra glass New window
43 
 
 
 
In addition, the Figure 27 shows the total heat losses of each case. To remember the studied 
cases, they are explained in the Table 17 
 
 
 
 
F IGURE 27 TOTAL HEAT TRANSFER PER STUDIED CASE FOR ALL THE BUILDINGS 
 
TABLE 17 STUDIED ENERGY SAVINGS CASES  
Solutions 
Number Cavity between window and 
wall 
Window 
Solution 0 
1 Empty Old window 
2 Half insulated Old window 
Solution 1 3 Full insulated Old window 
Solution 2 
4 Empty Old window + Extra glass 
5 Half insulated Old window + Extra glass 
Solution 3 6 Full insulated Old window + Extra glass 
Solution 4 7 Full insulated New window 
 
 
4.3  COSTS  
Once the total heat losses are determined, the costs of each solution can be calculated. The 
costs are calculated only if the join between the window and the wall in the initial case is 
completely empty because the empty and half insulated cavities have quite similar heat losses, 
as in the Figure 28 on the case 1-2 and 4-5 shows. As it is explained in the Method chapter, 
the LCC costs are taken from the difference between the solutions and the lowest thermal 
loses, the case number 7. In addition, a sensible study of the discound rate is shown in the 
Figure 29 and a sensible study of the price of the energy  is computed in the Figure 30 
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F IGURE 28 TOTAL LCC OF THE FOUR SOLUTION 
 
 
F IGURE 29 SENSIBLE STUDY OF THE DISCOUNT RATE WITH 2,4%  IN THE ENERGY PRICE RATE 
 
 
F IGURE 30 SENSIBLE STUDY OF THE ENERGY PRICE WITH 4% IN THE DISCOUNT RATE 
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Discussion  
 
Once the results are presented, some of them must be discussed. First of all, the results on 
the correlation between the measurements and the simulation, in addition to whether or not 
the heat fluxes and the Ψ-value are coherent are discussed. Secondly, the results of the energy 
savings and the simple model made are discussed. Finally, and the most important for the 
company, the LCC will be commented, comparing the results with the hypothesis made in the 
introduction and how the rates influence the cheapest option. 
 
 
Comparisons of measurements and simulations of the thermal bridge.  
 
About the correlation between the measurements and the simulations, if Table 14 is observed, 
are not exactly the same because in the simulations the same heat conductivity value is 
assumed for all the wood. This parameter changes according to the kind of wood and the 
moisture content of the wood. According to the data base of Fluent, the heat conductivity of 
the wood is 0,17 W/m·K, but this value is for high density wood as oak. However, in the 
laboratory of Gävle, where the measurements were taken, the parameter would be lower and 
different between the covers, the window or the wall with a value that normally is set to 0,14 
W/m·K. In addition, in the simulation, some surfaces are assumed as adiabatic, when in the 
real case they are contributing in the heat transfer. The radiation outside of the cavity was not 
taken into consideration, when in the lab the lights were on and, even trying to move all the 
bodies near to the window, there were another things contributing in the radiation of the 
surface. Furthermore, also one of the reasons to make the measurements in the laboratory 
was to avoid the wind which would be if the measures were taken in the windows of the 
buildings. Anyway, the cold chamber was small and with two big fans making the air 
convection of the chamber higher than the simulation one. Moreover, in the last experiment; 
where the cavity was empty, it was realized that the frame had air leakage directed from the 
cold room to the warm room - this mishap was solved with tape in this experiment, but no in 
the others. Also, it is not certain if the constructions reached steady-state conditions between 
the measurements and changes in insulation. The pressed time schedule was due to other 
experiments that required access to the experimental facility. However, due to the slimness 
of the construction and that the only change was the insulation material (light weight), 10 
hours was judged to be sufficient time to reach stable temperatures. It was also observed that 
the temperature in the cold room could fluctuate with about ±1 C due to the operation of 
the cooling units.  
 
With all of this reasons and the accuracy of the thermocouples and thermographic camera, 
the results of the simulations can be considered acceptable. Moreover, the main important 
comparison is observe if when the cavity is more insulted the heat conduction is lower, making 
the temperatures inside warmer and outside colder. If the  
 
 
Table 13 is observed, this hypothesis can be affirmed, supporting that the simulations results 
are right.   
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Once seen that the simulations can be considered acceptable, the Ψ-value is discussed. 
Looking at Table 16 and comparing the Ψ-value of this thesis with the ones in the article [32], 
the calculated Ψ-values are lower than the average but inside of the possible values, the 
results can be accepted because the thermal bridge in wooden frames are lower than another 
materials, as instance, aluminum. Furthermore, since there are two Ψ-values (one for the 
horizontal and the other for the vertical frames), the χ-value (3-D point thermal bridge) of the 
corners are not taken into account where its probably, due to the geometry, one of the points 
with more heat losses. In addition, as it was expected, the Ψ-value are higher with less 
insulation in the frame. These changes are not necessarily linear. [33]  
 
 
Energy simulations 
 
About the energy savings, the results cannot be exactly the same of the reality because the 
study is made of only one building and then the results were extrapolated for the other 
buildings in the area. However, the energy savings can be considered a right approximation of 
a model with all the buildings because the buildings are in the same direction or 45o inclined, 
making that the faces be in the same direction. In addition, the model made in IDA-ICE was a 
simplified model, modeling one window per face to not lose the important direction face 
parameter since in Nordic countries is really important since the sun in winter rise and go 
down only in the south east and south west respectively. 
 
Moreover, if Figure 27 is looked at, the energy losses are coherent; as more insulated (low U-
value and Ψ-value), less energy is transmitted. However, the results of the case 4 and 5 have 
to be point out since the thermal bridge is one third of the window energy losses, making the 
thermal bridge losses an important parameter to be reduced. 
 
 
LCC calculations 
 
The LCC costs are not exactly the real cost since the results are calculated with the difference 
of the heat losses thought the window and the frame instead of the real energy use of the 
buildings. However, the results are used for knowing which solution would be the cheapest 
one. The hypothesis made in the introduction section (Figure 1) about the LCC of the solutions 
were correct if it is compared with the results (Figure 30); solution 1 has less IC but more 
LCCenergy and  solution 4, on the other hand has more investment but less energy costs.  
 
Once seen that the hypothesis expected were correct is discussed about which of the 4 
solutions is the cheapest option for the company. According to the present study, the 
cheapest option for Gavlegårdarna, with a discount rate of 4% which is the most usual in a 
company and the increment price 2,4% which is the one between 2013 and 2014, is  solution 
2; to add an extra glass to the windows. However, depending of the rates, the cheapest 
solution would change. In this solution, the savings of the thermal bridges are not important, 
that is a reasonable result since the thermal bridges energy offset the windows constitutes 
around 2-8% of the total heat load [33]. 
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If the company is not sure about renovating the windows, and with a high discount rate, with 
more than 5% the most reasonable option would be do not change anything, although the 
energy use would be higher and the most polluted option. This results can be considered right 
since another studies [34] says that only 17% (1 building of 11) of changing the windows would 
be profitable, making another measures more important. However, the buildings are made 
from 1952 thus they need a renovation due to ageing. Therefore, If Gavlegårdarna would want 
to invest in one of the options and would like to increase to 7% the discount rate i.e. they 
would like a short-term payback, the best option would be the solution 1; to add only 
insulation of the frames. This option has a cheap investment cost thus is the lowest risky 
solution, although it is the less ecological, having the higher value of energy use.  
 
On the other hand, if Gavlegårdarna wants to risk more and have a longer-payback and a more 
ecological solution, with a discount rate of 2%, the bests option would be two solutions; 
number 2 again and solution 3; adding an extra glass and insulation. Solution 4; changing all 
the windows, remains outside of the optimal solutions since is the solution with more energy 
savings but the highest investment costs. It is not shown in the results, but following the trend 
of the curves in the sensible study of the discount rate, this solution would be economical with 
around 1% of the discount rate, a very low profit investment for the company. 
 
Another important parameter to take into account is the price of the district heating energy 
in Gävle, for the analysis is taken an increment of 2,4% since it is the currently rate. However, 
the price can increase or decrease thus depending of the value, the most economical option 
could change. If there is a decrease of this rate i.e negative values, the optimal option would 
leave the windows as how they are now. However, the need for the windows to be changed 
due to ageing is the best option, even if the price of the increment of the price of the energy 
would change between -0,5% and 3,5% would be also the solution 2. 
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Conclusion 
 
The main calculation of this thesis is to recommend to Gavlegårdarna a renovation of the 
building in Sörby by adding an extra glass, with this solution being the cheapest option but not 
the most ecofriendly one. If the company would like take a little bit more risk but take a more 
ecological solution the recommendation would be add an extra glass and insulate all joints in 
cavities around the frames. 
 
In addition, another conclusion is to point out how important it is to take into account the 
thermal bridges and to have well insulated the joint between the window and the wall. When 
the companies or personnel think about changing some window, they are always thinking 
about the U-value without giving importance to the joint. Despite of the best economically 
solution is not insulating the joints around the frames, if the frames would be insulated; the 
energy losses would reduce and be more ecofriendly. 
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Appendices 
 
APPENDIX A.  FLUENT RESULTS  
In this appendix can be found all the results from Fluent in the different cases; Reference, 
Insolated, horizontal half insulated, horizontal empty, vertical half insulated and vertical 
empty. 
 
Reference case 
 
 
F IGURE 31 REFERENCE CASE.  TEMPERATURES 
 
 
Insulated case 
 
           
F IGURE 32 FULL INSULATION CASE.  TEMPERATURES                                F IGURE 33 FULL INSULATION.  TEMPERATURE PLOT 
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Horizontal half insulated case 
 
 
           
F IGURE 34 HORIZONTAL HALF INSULATED CASE. TEMPERATURES           F IGURE 35 HORIZONTAL HALF INSULATED CASE. VELOCITIES 
 
 
 
 
F IGURE 36 HORIZONTAL HALF INSULATED CASE. VELOCITIES PLOT 
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Horizontal empty case 
 
 
  
F IGURE 37 HORIZONTAL EMPTY CASE.  TEMPERATURES               F IGURE 38 HORIZONTAL EMPTY CASE.  VELOCITIES 
 
 
 
 
F IGURE 39 HORIZONTAL EMPTY CASE.  VELOCITIES PLOT 
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Vertical half insulated case 
 
 
 
           
F IGURE 40 VERTICAL HALF INSULATED CASE. TEMPERATURES 1           FIGURE 41  VERTICAL HALF INSULATED CASE.  TEMPERATURES 2 
 
 
           
F IGURE 42 VERTICAL HALF INSULATED CASE. VELOCITY Z                         F IGURE 43  VERTICAL HALF INSULATED CASE.  VELOCITY 1 
 
 
 
F IGURE 44VERTICAL HALF INSULATED CASE. VELOCITY 2 
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Vertical empty case 
 
 
         
F IGURE 45 VERTICAL EMPTY CASE . TEMPERATURES                              F IGURE 46 VERTICAL EMPTY CASE . TEMPERATURES CAVITY 
 
 
           
F IGURE 47 VERTICAL EMPTY CASE . VELOCITY Z 1                                   F IGURE 48 VERTICAL EMPTY CASE . VELOCITY 
 
 
 
           
F IGURE 49VERTICAL EMPTY CASE. VELOCITY Z 2                                   F IGURE 50 VERTICAL EMPTY CASE . VELOCITY PLOT  
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APPENDIX B.  THERMOGRAPHIC PICTURE S 
In this appendix, the thermographic picures used in the measurments are shown in three 
subchapter; insualted, half insulated and empty case. 
 
Insulated case 
 
 
 
F IGURE 51 THERMOGRAPHIC PICTURE INSULATED CASE 
 
 
 
 
F IGURE 52 THERMOGRAPHIC PICTURE INSULATED CASE. LEFT PICTURE TOP OF THE WINDOW,  RIGHT PICTURE BOTTOM OF THE 
WINDOW 
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Half insulated case 
 
 
 
 
F IGURE 53 THERMOGRAPHIC PICTURE HALF INSULATED CASE  
 
 
 
 
F IGURE 54 THERMOGRAPHIC PICTURE HALF INSULATED CASE .  LEFT PICTURE TOP OF THE WINDOW ,  RIGHT PICTURE BOTTOM  OF THE 
WINDOW 
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Empty case 
 
 
F IGURE 55 THERMOGRAPHIC PICTURE EMPTY CASE 
 
 
 
F IGURE 56 THERMOGRAPHIC PICTURE EMPTY CASE.  LEFT PICTURE TOP OF THE WINDOW,  RIGHT PICTURE BOTTOM OF THE WINDOW 
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APPENDIX C.  DRAWS OF THE BUILDING  
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